antibiotic sensitivity test; apical periodontitis; bacterial species; root canal infection; teeth Background/Purpose: Bacteria in the tooth root canal may cause apical periodontitis. This study examined the bacterial species present in the apical root canal of teeth with apical periodontitis. Antibiotic sensitivity tests were performed to evaluate whether these identified bacterial species were susceptible to specific kinds of antibiotics. Methods: Selective media plating and biochemical tests were used first to detect the bacterial species in samples taken from the apical portion of root canals of 62 teeth with apical periodontitis. The isolated bacterial species were further confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry. Results: We found concomitant presence of two (32 teeth) or three species (18 teeth) of bacteria in 50 (80.6%) out of 62 tested teeth. However, only 34 bacterial species were identified. Of a total of 118 bacterial isolates (83 anaerobes and 35 aerobes), Prophyromonas endodontalis was detected in 10; Bacteroides, Dialister invisus or Fusobacterium nucleatum in 9; Treponema denticola or Enterococcus faecalis in 8; Peptostreptococcus or Olsenella uli in 6; and Veillonella in 5 teeth. The other 25 bacterial species were detected in fewer than five teeth. Approximately 80e95% of bacterial isolates of anaerobes were sensitive to ampicillin/sulbactam (Unasyn), amoxicillin/clavulanate (Augmentin), cefoxitin, and clindamycin. For E. faecalis, 85e90% of bacterial isolates were sensitive to gentamicin and linezolid.
Introduction
Knowledge of microbial location and organization within the root canal system is important for understanding the disease process and establishing effective antimicrobial therapeutic strategies. 1 Apical periodontitis is essentially an inflammatory disease of microbial etiology primarily caused by infection of the pulp and root canal system. 2 Every species of bacterium observed in the root canal system may be an endodontic pathogen. Moreover, bacterial profiles of the endodontic microbiota vary between individuals. This indicates that apical periodontitis has a heterogeneous etiology, and multiple bacterial combinations in the root canal can cause apical periodontitis. To achieve a successful endodontic treatment, it is important to know the specific bacterial species harbored in each root canal and the specific antibiotics that can kill the harbored bacteria or at least inhibit their growth.
Early studies of the microbiota in the root canals of teeth with apical periodontitis were conducted using broad-range culture/biochemical methods. 3 However, some species of bacteria are difficult to cultivate. Later, molecular detection methods such as species-specific polymerase chain reaction and the original checkerboard DNAeDNA hybridization assay were used for identification of bacterial species. 4, 5 The adoption of 16S ribosomal RNA gene clone library analysis allows a more comprehensive broad-range study of bacterial communities in endodontic infections. By these techniques, not only cultivable species but also as-yet-uncultivated and uncharacterized bacteria can be identified.
Recently, proteomic techniques have achieved a relevant role in the identification of microorganisms in the field of clinical microbiology. Matrix-assisted laser desorption ionizationetime of flight mass spectrometry (MALDI-TOF MS) was launched in the late 1980s. 6, 7 It uses peptides or proteins present in a bacterial sample to form mass spectral peaks. These spectra can generate pathognomonic patterns that provide unbiased identifications of particular bacterial species and even genotypes within species. MALDI-TOF MS has been reported to possess the advantages of time saving, low cost, and high accuracy for bacterial identification. 6, 7 In this study, bacterial samples were taken from the apical third of root canals of 62 pulp-necrosis single-canal teeth with apical periodontitis. Selective media plating and biochemical tests were used first to identify the bacterial species in each sample. The specific bacterial colonies were further confirmed by MALDI-TOF MS. 6, 7 Only the bacterial species that were initially identified by conventional cultures/biochemical methods and subsequently confirmed by MALDI-TOF MS methods are reported in this study. The purposes of this study were to provide the data on bacteria existing in the apical root canals of teeth with apical periodontitis in Taiwanese patients and to evaluate whether these identified bacterial species were susceptible to specific kinds of antibiotics using antimicrobial susceptibility tests. We hoped that the bacterial data could provide information on the causative bacteria that induce apical periodontitis. Furthermore, the data from antimicrobial susceptibility tests could provide a useful clinical guide for the selection of antibiotics for treatment of patients with exacerbated apical periodontitis or its associated cellulitis, especially in the period waiting for the results of antimicrobial susceptibility tests.
Materials and methods

Tooth samples
In this study, 62 pulp-necrosis single-canal teeth (48 incisors and 14 canines) with apical periodontitis were collected at the dental clinic of the Renai Branch of Taipei City Hospital. These 62 teeth included 9 traumatized teeth with intact crown, 7 teeth with type I dens invaginatus and dental caries in the lingual invagination, and 46 teeth with the relatively intact crown and proximal caries or secondary caries at the margin of composite resin restorations. In addition, 8 of the 62 teeth had sinus tracts at the alveolar mucosa near the tooth apex regions. However, none of our 62 teeth had acute symptoms and signs. For taking bacterial samples from the apical third of the root canal, all instruments and the operation field were sterilized. The selected tooth was isolated with a rubber dam, scrubbed with povidoneeiodine aqueous solution (1% Aqua Better Iodine; K.Y. Co., Taipei, Taiwan), sterilized with 75% alcohol, and accessed by high speed drill to find the root canal. When the pulp chamber of the sample tooth was accessed, all the soft dentin was removed as completely as possible. The exposed pulp chamber was carefully sterilized again as before, and then a No. 15 sterile paper point with apex soaked with normal saline was inserted into the deepest part of the apical root canal for 1 minute with the help of the endodontic microscope. Because all our sample teeth were single-canal teeth with relatively intact crown and large pulp chamber and the thin paper point was inserted into the root canal of the sample tooth cautiously with the help of the endodontic microscope, it was possible to insert the thin sampling paper point into the apical portion of the root canal without contacting the pulp chamber and the coronal two-thirds of the root canal. After sampling, the paper point was removed from the root canal, immediately placed into Gifu anaerobic medium (Nissui Pharmaceutical Co., Nissui, Japan) in a culture tube, 3 and sent to Department of Laboratory Medicine, Taipei City Hospital, Renai Branch for further handling.
Bacterial species determination and antibiotic sensitivity tests
The bacterial species determination and antibiotic sensitivity tests were routinely performed in the Department of Laboratory Medicine, Taipei City Hospital, Renai Branch. In brief, the paper point with bacterial sample in the Gifu anaerobic medium of a culture tube was incubated at 37 C for 2e3 days for the growth of aerobic bacteria and for 4e7 days for the growth of anaerobic bacteria. If turbidity was observed in the culture medium, this meant that there was bacterial growth in the culture medium. After culturing for 4e7 days, colonies of bacteria were seeded on anaerobic culture biplate of brucella blood esculin agar and kanamycin vancomycin lactose bile as well as on anaerobic blood agar plate using the media, such as brucella, Columbia, or Schaedler agar base supplemented with 5% sheep blood, additional vitamin K 1 and hemin to support the growth of anaerobes in the Concept Plus anaerobic culturing box (Concept Plus ONCP 01; Ruskinn Technology Ltd, Bridgend, Mid Glamorgan, UK). 8 For Gram-positive anaerobic cocci (GPAC), nalidixic acideTween and neomycinevancomycin agar or nalidixic acideTween and neomycin blood agar was the best combination to support the growth of GPAC. Anaerobic bacteria were mainly identified using Gram stain, colony morphology, antibiotic susceptibility tests, and biochemical tests including catalyst and presumptive identification. Peptoniphilus asaccharolyticus decolorize readily with Gram stain and can be confused with Gram-negative anaerobes such as Veillonella. 8, 9 However, Veillonella can be distinguished from GPAC by special potency disks (containing vancomycin 5 g, kanamycin 1000 g, and colistin 10 g). The cell morphology of older cultures of GPAC can be very irregular, with many coccobacillary and rod-like forms. To distinguish GPAC from microaerophilic organisms, such as Streptococcus spp., a simple and reliable test is to apply a 5 g metronidazole disk to the edge of an inoculum; GPAC show a zone of inhibition of 15 mm or greater, whereas microaerophilic strains show no zones after incubation for 48 hours. 8e10 Aerobic bacteria were subcultured on phenylethyl alcohol agar plate or blood agar/eosin methylene blue agar biplate until the bacteria grew. Gram-negative bacteria were identified using Gram stain, colony morphology, catalyst test, and oxidase test. For example, Neisseria diplococcus can be identified by growing on commercial blood culture media using colony morphology, microscopic morphology, oxidase test, or carbohydrate utilization assays. 11 Gram-positive cocci (e.g., Staphylococci) were identified using Gram stain, colony morphology, catalase test, cytochromes, agglutination assay using rabbit or human plasma. 12 Streptococci were identified using colony morphology, the presence or absence of motility, and serologic, presumptive and hemolysis tests. 13, 14 Aerobic Gram-negative bacteria including Enterobacteriaceae and glucose nonfermenter bacilli (e.g.
Acinetobacter and Pseudomomas) were identified according to the following characteristics: cell morphology, colony color/pigment/morphology, hydrogen sulfide production, pyoverdin production, oxidase, trypsin or benzylearginine arylamidase activity, pyrrolidonyl aminopeptidase activity, and susceptibility to desferrioxamine. 15, 16 Eight biochemical tests including triple sugar iron agar, sulfide indole mobility semisolid medium, citrate agar, VogeseProskauer semisolid medium, ornithine decarboxylase medium, urease agar, arginine dihydrolase medium, and lysine decarboxylase medium were also used to identify the Enterobacteriaceae. Triple sugar iron agar was used to identify the Acinetobacter and Pseudomomas. Acinetobacter was oxidase-negative 17 and Pseudomomas aeruginosa revealed glucose oxidase fluorescent pigment. 18 Aerobic Gram-negative bacteria were recently identified with Phoenix ID machine (Phoenix Co, Phoenix, AZ, USA).
Curved and spiral-shaped Campylobacter was identified using the following tests or characteristics: catalase; H 2 requirement; urease; H 2 S (triple sugar iron); hippurate hydrolysis; indoxyl acetate hydrolysis; aryl sulfatase; selenite reduction; growth in 1% glycine; and growth at 25 C. 19 Oral spirochetes were identified using oral bacterial growth medium containing 10% heat-inactivated rabbit serum at 37 C in an AS-580 anaerobic chamber (Concept plus; Ruskinn Technology) with an atmosphere of 85% nitrogen, 5% carbon dioxide, and 10% hydrogen. 20 The direct fluorescent antibody test was adopted to demonstrate the presence of spirochetes by the darkfield microscopy. 21, 22 Another molecular analytic tool, MALDI-TOF MS biotyper (Bruker, Sancordon Inc., Bremen, Germany) was used to confirm all bacterial species included anaerobes and aerobes. 6, 7 Colonies were picked from the nonselective sheep blood agar plate for aerobic bacteria, from the CDC anaerobic sheep blood agar for anaerobic bacteria, from chocolate agar for Haemophilus spp., and from Karmali medium for Campylobacter. In brief, MALDI target plates were inoculated by picking a freshly grown overnight colony with the tip of a sterile toothpick and smearing the specimen directly onto a ground steel MALDI target plate in a thin film. The microbial film was then overlaid with 1.5 mL of a MALDI matrix (a saturated solution of a-cyano-4-hydroxy-cinnamic acid in 50% acetonitrile/2.5% trifluoroacetic acid) and allowed to dry at room temperature. Mass spectra were acquired using the MALDI-TOF spectrometer in a linear positive mode (Microflex; Bruker Daltonics, Bremen, Germany). Measured mass spectra ranged from 2000 Da to 20,000 Da and comparisons of spectra were entirely automated. Extraction of the peaks from the generated mass spectra and their matching against the reference spectra (main spectra) of the integrated database provided by the manufacturer was performed with MALDI Biotyper software (Bruker Daltonics). The score value is defined by three components: the matches of the unknown spectrum against the main spectrum; the matches of the main spectrum peaks against the unknown spectrum; and the correlation of intensities of the matched peaks. This leads to a first score, from 0 (no match) to 1000 (perfect identity), which is converted into a log score from 0 to 3. When the score was !1.7, the identification was considered high confidence based on communication from the manufacturer. When the score was <1.7, a second attempt was performed on another run, and the higher of the two scores was used for final analysis. Final scores of <1.7 were considered ambiguous identifications. 6, 7 In this study, only the bacterial species that were initially identified by conventional cultures/biochemical methods and subsequently confirmed by MALDI-TOF MS methods were reported.
Disk diffusion technique was used for antibiotic susceptibility test for aerobes. 23 Otherwise, the BD Phoenix antimicrobial susceptibility testing system (Phoenix Co, Phoenix, AZ, USA) was adopted for antibiotic susceptibility test for aerobes. 23, 24 The colony was seeded in brain heart infusion or thioglycollate broth for enrichment, and then swabbed in Mueller Hinton agar plate. However, Streptococci or Enterococci did not need enrichment, and the colony was seeded in 5% blood agar plate until microbial inhibition zone was found. The size of inhibition zone was measured and compared with that from National Committee for Clinical Laboratory Standards. The commercial antimicrobial susceptibility testing system was introduced into clinical microbiology laboratories in the 1980s and has been used in the majority of laboratories since the 1990s. 23e26 In addition, the VITEK instrument developed for the provision of rapid microbial inhibitor concentration results was introduced in the 1980s. VITEK 1 is still used in a number of laboratories. The more automated VITEK 2 received Food and Drug Administration clearance in 2000. In this study, BBL crystal identification system anaerobe ID Kit (Becton Dickinson Company, Sparks, MD, USA) was adopted in antimicrobial susceptibility testing for anaerobes. 25, 26 
Results
In 62 teeth with apical periodontitis, bacterial growth was found in 50 (80.6%) teeth. However, only 34 bacterial species (phylotypes) were identified from a total of 118 bacterial isolates. Of the 50 bacteria-positive teeth, 32 had two species and 18 had three species of bacteria cultured from the apical portion of the root canal. Of the 118 bacterial isolates, 83 (70.3%) were anaerobes, and 35 (29.7%) were aerobes. Among the 34 bacterial species in 50 bacteria-positive teeth, Prophyromonas endodontalis was found in 10 (20%) teeth; Bacteroides, Dialister invisus, and F. nucleatum were found in 9 (18%) teeth; Treponema denticola and Enterococcus faecalis were found in 8 (16%) teeth; Peptostreptococcus and Olsenella uli were found in 6 (12%) teeth; Veillonella was found in 5 (10%) teeth. Other species were discovered in fewer than 4 teeth ( Table 1) .
The results of antibiotic susceptibility test are shown in Table 2 . Approximately 80e95% of bacterial isolates of anaerobes were sensitive to cefoxitin (FOX, cephalosporin second generation), clindamycin, amoxicillin/clavulanate (Augmentin), and ampicillin/sulbactam (Unasyn). About 80e85% of Campylobacter isolates were sensitive to metronidazole, chloramphenicol, and clindamycin. Approximately 80e90% of Streptococcus isolates were sensitive to penicillin, clindamycin, linezolid, levofloxacin, and cefepine (cephalosporin fourth generation). Approximately 80e90% of Staphylococcus isolates were sensitive to sulfoamide, linezolid, amoxicillin/clavulanate, and cefoxitin (cephalosporin second generation). About 85e90% of E. faecalis isolates were sensitive to high-level gentamicin (120 mg/mL) and linezolid (30 mg/mL). Approximately 80e90% of Pseudomonas and Acinetobacter isolates were sensitive to gentamicin, ceftazidime (cephalosporin third generation), ciprofloxacin and levofloxacin. In addition, 80e85% of Enterobacteriaceae isolates were sensitive to ceftazidime and ciprofloxacin.
Discussion
This study found concomitant presence of 2 (32 teeth) or 3 species (18 teeth) of bacteria in the apical root canals of 50 (80.6%) out of 62 teeth with apical periodontitis. Ten isolates of Prophyromonas endodontalis, nine isolates of Bacteroides, Dialister invisus, or F. nucleatum, eight isolates of Treponema denticola or E. faecalis, six isolates of Peptostreptococcus or O. uli, and five isolates of Veillonella were detected in !10% of 50 teeth with apical periodontitis. Rocas and Siqueira 27 studied the presence of 83 oral bacterial species in the samples taken from infected root canals of 43 teeth with chronic apical periodontitis using a 16S ribosomal RNA gene-based reversecapture checkerboard hybridization assay. 27 They found that all the 43 samples contain at least two oral bacterial species. All our nine isolated bacterial species mentioned above apart from E. faecalis and Peptostreptococcus could be identified in !10% of 43 teeth with chronic apical periodontitis in the study of Rocas and Siqueira. 27 Siqueira et al 28 also used a 16S ribosomal RNA gene-based reversecapture checkerboard hybridization assay to examine the bacterial DNA in the apical root canal of 20 teeth with apical periodontitis. They found bacterial DNA in 19 out of 20 teeth. Seven bacterial species including Pseudoramibacter alactolyticus, Bacteroidetes clone X083, Streptococcus spp., O. uli, Synergistes clone BA121, F. nucleatum, and Porphyromonas endodontalis were detected in !10% of 19 teeth with apical periodontitis. These findings indicate that our results are comparable with those of the latter two studies. 27, 28 We suggest that the inconsistency in frequencies of detection of several oral bacterial species in these three studies were mainly due to the use of different methods for bacterial identification, the use of different teeth for study, and the use of different techniques for bacterial sampling. 27, 28 Enterococci are considered to be the most abundant Gram-positive cocci colonizing the intestine, with E. faecalis being one of the most common bacteria associated with different forms of periradicular diseases. 29 Several culture studies revealed that E. faecalis is the most frequent species in root canals of endodontically-treated teeth, with the prevalence reaching up to 90% of cases. Root canal treated-teeth are approximately nine times more likely to harbor E. faecalis than those teeth with primary infections. 30 E. faecalis has been commonly recovered from teeth treated in multiple visits and/or teeth left open for drainage. Thus, E. faecalis may be a secondary invader that succeeds in colonizing the root canal, resists treatment, and causes a secondary infection that then becomes persistent. E. faecalis is usually the most frequent species isolated from human clinical specimens, representing 80e90% of the clinical significant enterococcal isolates. 29, 30 This leads to a growing concern regarding the role of the Enterococci in endodontic and implanted medical device-associated infections reported by Teixeira et al. 31 Although E. faecalis was not the most commonly isolated species in the present study, it was still the fifth most common species among a total of 34 species. Many strains of Enterococci are instrinsically resistant to blactam antibiotics. 32 The last therapeutic remedy for Enterococci was vancomycin until Leclercq et al 33 described a strain of E. faecium that contains a plasmid mediating resistance to the glycopeptide antibiotics such as vancomycin and teicoplanin. Vancomycin-resistant isolates of E. faecalis have also been described. 34 Effective bactericidal activity against Enterococci by combination of ampicillin, penicillin or vancomycin, and high-level gentamicin or streptomycin was also reported. 34, 35 Furthermore, the new oxazolidinone drugs (e.g., linezolid), which have a unique mechanism of inhibiting bacterial protein synthesis and display effect on vancomycin-resistant E. faecalis, 36, 37 gentamicin (120 mg/mL) and linezolid were also found to be very effective for inhibition of E. faecalis in this study.
For spirochetes, only Treponema denticola was identified in this study. This finding was consistent with that reported by Moter et al 38 and further strengthened the hypothesis that Treponema are opportunistic pathogens. Olsenella species shows disease associations similar to those observed for lactobacilli in the oral cavity. 39, 40 Olsenella is a new genus to constitute anaerobic lactobacilli (the other is Atopobium). 40 O. uli, formerly called Lactobacillus uli, has been found in endodontic infections. 41 It has also been reported as one of the causative organisms that are isolated from oral cavity and pulp chamber and can result in significant clinical bacteremia. 42 Campylobacter spp. are primarily zoonotic with a variety of animals implicated as reservoirs for human infection. 19 Curved and spiral-shaped Campylobacter rectus and Campylobacter curvus were susceptible to chloramphenicol, clindamycin, and metronidazole in this study. This finding was consistent with the findings reported by Wexler et al. 43 Although chemical and physical factors can induce periradicular inflammation, a large body of scientific evidence indicates that endodontic infection is essential to the 
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progression and perpetuation of the different forms of apical periodontitis. 44 Several previous studies found that primary root canal infection in untreated root canals is a polymicrobial mix with approximately equal proportions of Gram-positive and Gram-negative species but dominated by obligate anaerobes. 45e48 Our results were comparable with the findings that primary endodontic infections are usually characterized by a mixed infection with the anaerobic bacteria being the predominant species. 1, 46 The bacterial species and prevalence were also consistent with the results reported by both Rocas and Siqueira 49 and Siqueira et al. 28 The anaerobic Gram-negative bacteria are part of the normal flora of the mouth, upper respiratory tract, intestinal tract, and urogenital tract in humans and animals. 50 In this study, the leading 16 species, except E. faecalis and Streptococcus, isolated from the root canals of teeth with apical periodontitis were anaerobes. These results were consistent with those reported in several previous studies. 41, 47, 48, 51 The difficulties in culturing or identifying all microbial species exiting in the root canal are of special concern. Because the nutritional and physiologic needs of most microorganisms are still unknown, not all microorganisms can be cultivated under artificial conditions. Furthermore, 50e80% of bacterial species composing the microbiota associated with diverse human sites, including the oral cavity, are still uncultivated. 52 Therefore, the growth of bacteria in 50 (80.6%) of 62 teeth with apical periodontitis and the successful culture of 83 isolates of anaerobes in this study were reasonable results.
When the pulp-necrosis tooth is treated with root canal therapy, prescriptions of antibiotics are usually not necessary and antibiotic are given to the patients in the condition of exacerbated apical periodontitis or its associated cellulitis to prevent the further spread of infection or in the condition of patients who have immunocompromised or severe systemic diseases. 53, 54 The precise antibiotics were given after we obtained the information from the antimicrobial susceptibility tests. However, in the waiting period, the results of our study could provide reference information to select and prescribe the tentative antibiotics to cover the diseases of the exacerbated apical periodontitis or its associated cellulitis. Moreover, the apical lesions are predominantly due to the direct invasion of the bacteria or their associated toxin, byproducts or enzymes from the infected apical root canal to the periapical region. 55 Because the apical root canal and periapical region are infected by the same source of bacteria, they should have some overlapping of bacterial species culturing from both places, even though the apical root canal and periapical region have different microenvironments. In addition, the root canal system is a relatively closed system and the periapical region is an open system, thus it is easier for the clinicians to take bacterial samples without the chance of contamination from the apical root canal than from the periapical tissue. In case of carious tooth-related oral infection, culturing of bacteria from the infected oral site may sometimes be replaced by culturing of bacteria from the apical root canal. 55 This study also found that ampicillin/sulbactam, amoxicillin/clavulanate, cefoxitin and clindamycin were four most effective drugs for cellulitis associated with anaerobes infection from teeth with apical periodontitis. In addition, vancomycin-resistant isolates of E. faecalis were susceptible to linezolid and high-level gentamicin.
